Penicilliosis of humans is a rare disease with one exception: infections caused by the opportunistic fungal pathogen Penicillium marneffei. In contrast to the worldwide and ubiquitous distribution of other species of Penicillium, P. marneffei is endemic to Southeast Asia and is responsible for causing serious disseminated opportunistic infections in persons with defects in their cell-mediated immunity such as cancer, Hodgkin's disease, and especially in human immunodeficiency virus (HIV)-infected persons (10, 25, 43, 54) . Although less frequent, infections in immunocompetent persons have also been reported (12, 27) . Infection with P. marneffei has emerged in the past decade as an important public health problem in Southeast Asia, where the infection often serves as an indicator disease for HIV (43, 45, 52) . P. marneffei is a facultative intracellular pathogen. The primary route of infection is believed to be through inhalation of conidia into the lungs, where it can then disseminate via a hematogenous route to other body locations, especially the liver (10, 54) . Clinical diagnosis is difficult since the clinical presentation of the disease is nonspecific and may include rapid weight loss, fever, and skin lesions following dissemination (10, 54) . The histopathology of infected tissues reveals oval yeast-like pleomorphic cells 4 to 8 m in diameter reproducing by fission. Infections are usually fatal if untreated and have been treated using amphotericin B and itraconazole (26, 45) .
Phylogenetic analysis of mitochondrial and nuclear ribosomal gene sequences of P. marneffei detected a close relationship to Penicillium subgenus Biverticillium and Talaromyces species (31, 32) . However, the fungus is still believed to be asexual since its teleomorph presently has not been identified. P. marneffei is dimorphic, that is, capable of growing in two different morphological states: either as a septated, filamentous fungus or as yeast-phase cells. Exposure of mycelial cells grown in vitro to environmental stimuli such as a temperature increase to 37°C triggers a reversible morphological transition to yeast phase cells that reproduce by schizogamy (1) .
Despite being the third most common opportunistic infection in HIV-infected persons in Thailand (44) and a 10% infection rate of HIV-infected persons in Hong Kong (55) , the ecology and natural reservoir of this dimorphic pathogen remain uncertain. P. marneffei has been isolated from the internal organs and soil surrounding the burrows of bamboo rats, but case-control studies detected no significant epidemiologic link between P. marneffei infections and exposure to bamboo rats (9) . At present, it is not known whether bamboo rats are a major reservoir for human infections or are only part of life cycle of the fungus or from another source in the environment (21) . Isolates obtained from humans and bamboo rats were observed to share a common genotype; however, the route of infection and transmission to humans has not been determined, although aerosolization of conidia has been proposed as the most likely mechanism (21, 54) . Recently, typing using polymorphic microsatellite markers proposed geographic differences in population and localized dispersion of strains, but no clear epidemiologic link was observed between environmental and clinical isolates (17, 30) .
Genotyping of environmental and clinical isolates may provide important answers to questions regarding routes and source of transmission, persistence of strains, relapse, and the presence of pathogenic strains. Multilocus sequence typing (MLST) was first developed to study the relatedness of bacterial isolates (33) and was later applied to investigations of pathogenic fungi (4, 11, 13, 19, 47) . Both multilocus enzyme analysis and MLST analysis rely on surveying polymorphisms in housekeeping loci. MLST, however, has the advantage of the ability to also detect neutral mutations, thereby providing for a more robust method for detecting genetic variation between isolates than can be provided by multilocus enzyme analysis. MLST has been shown to be able to determine genetic relatedness between isolates and has the ability to share and standardize results compiled between laboratories that may result in the opportunity for worldwide typing databases such as proposed for Candida albicans (5) .
Despite its emerging public health importance, at present, few complete P. marneffei gene sequences have been determined, nor has the genetic relatedness between isolates been examined. The goals of the present study were to determine the usefulness of a typing scheme based on nucleotide sequence variation in the P. marneffei genome and to examine the performance of the method. Differences in MLST genotypes for clinical isolates obtained from China and Thailand were investigated.
MATERIALS AND METHODS
Isolates and purification of DNA. The twenty-four isolates of P. marneffei and their sources used in this investigation are listed in Table 1 . Nine isolates (B-6318 to B-6326) were provided by the West China Hospital of Sichuan University, Chengdu, China. Eight isolates, B-6466, B-6463, and the isolates labeled IFM were provided by Kazuko Nishimura, Research Center for Pathogenic Fungi and Microbial Toxicoses, Chiba University, Chiba, Japan. Isolates labeled NCPF were obtained from the National Collection of Pathogenic Fungi maintained at the PHLS Mycology Reference Laboratory, Bristol, United Kingdom. All other isolates were obtained from the culture collection maintained by the Mycotic Diseases Branch at the Centers for Disease Control and Prevention and were previously described (30). Identification to the species level was based on three criteria: the ability of the cultures to convert from yeast to mold, the production of a red pigment, and the morphological identification of colonies and conidiophores (10, 56) . Yeast-phase cultures were maintained on Bacto brain heart infusion agar (Becton Dickinson, Sparks, Md.), and mold cultures were maintained on Sabouraud dextrose agar. Genomic DNA was purified from mycelial phase cells as described by Lasker and Ran (30) . DNA purified from isolates subcultured in vitro for 7 to 8 weeks was described previously (30) .
PCR amplification and sequencing. Oligonucleotide primer sets used for the amplification of nine gene fragments by PCR are shown in Table 2 . Target loci were selected based on the availability of internal gene fragments with different cellular functions and their deposition in the GenBank database. The nucleotide 2 , each primer at 0.2 M, a 0.2 mM concentration of each deoxynucleotide triphosphate, 30 g of genomic DNA, and 2.5 U of Taq DNA polymerase in a final volume of 30 l. Using a GeneAmp PCR System 9700 thermal cycler, PCR amplification was performed starting with an initial denaturation step for 3 min at 95°C, followed by 30 cycles each of 30 s at 95°C, 30 s at 58°C, and 60 s at 72°C. PCR amplification products were purified by using Qiaquick PCR purification columns (QIAGEN, Chatsworth, Calif.). PCR amplification was verified by electrophoresis of samples through 1.4% (wt/vol) agarose gels. Purified DNA fragments were sequenced in both forward and reverse directions using an ABI Prism BigDye terminator cycle sequencing ready reaction kit version 1.1 (PerkinElmer/Applied Biosystems) by using the manufacturer's reagents and recommendations for cycle sequencing. Centricep columns (Princeton Separations, Aldelphia, N.J.) were used to remove unlabeled nucleotides as well as unincorporated dye-labeled nucleotides. Samples were dried in a Speed Vac (Savant Instruments, Holbrook, N.Y.) and then suspended overnight in 20 l of formamide (Applied Biosystems, Inc., Foster City, Calif.). Samples were denatured at 95°C for 6 to 8 min, followed by chilling rapidly in an ice bath. Denatured samples were automatically loaded and electrophoresed through a 47-cm long, 0.75-m-inside-diameter capillary filled with POP-6 polymer (Applied Biosystems) using an ABI Prism 310 genetic analyzer (Applied Biosystems). Parameters for capillary electrophoresis includes an injection time of 3 to 8 s, an injection voltage of 15 kV, an electrophoretic voltage of 15 kV, a temperature block set at 60°C, and a collection time of 45 min.
Sequence data analysis. Raw sequence data were collected and then edited by using Sequencher version 4.5 software (Gene Codes Corp., Ann Arbor, MI). Multiple sequence alignments for each locus were obtained by using CLUSTAL X version 1.83 software for windows (available from ftp://ftp-igbmc.u-strasbg.fr /pub/ClustalX) as described by Thompson et al. (50) . Obvious misalignments were corrected manually, and insertions and/or deletions (indels) in the MP1 gene fragments were identified. Gap information in the MP1 gene fragments was coded and added to the data matrix by the method of Simmons and Ochoterena (40) by using the SeqState program and IndelCoder software (34, 35) . Phylogenetic analysis was performed by using PAUP* version 4.0 beta10 software (46) . A neighbor-joining tree was generated by analysis of DNA sequences concatenated from five gene fragments (CpeA, NGS, ICL1, LNS, PAA, and MP1) for 24 isolates. Parsimony analysis was based on heuristic searches with all nucleotides equally weighted. Support and robustness of the resulting phylograms were based on bootstrap analysis (14) implemented by using PAUP* software. Mp1 types are defined as the unique nucleotide combinations obtained by comparison of MP1 gene sequences. Haploid sequence types (HST) are defined as for the unique nucleotide sequences obtained for the five polymorphic loci (CpeA, ICL1, LNS, PAA, and MP1). Discriminatory power (D), the probability that two randomly selected isolates are different, was calculated by the method of Hunter (24) .
Nucleotide sequence accession numbers. GenBank accession numbers of MP1 gene fragments are DQ088822 to DQ088845, respectively.
RESULTS
Nucleotide variability. The nucleotide sequences for the Cox1 gene fragments of the mitochondrial genome and for three of eight nuclear gene fragments, AbaA, StlA, and NGS, showed no nucleotide sequence diversity for all of the isolates for a total of 1,714 bp (Tables 1 and 3 ). However, a low degree of nucleotide sequence diversity was observed for the CpeA, In contrast to the paucity in the nucleotide sequence variation that was observed for seven genomic loci, the MP1 gene fragment was observed to be robustly polymorphic. One source of nucleotide polymorphisms was single-nucleotide substitutions compared to the MP1 sequence obtained from isolate MP4 from a patient in Hong Kong (accession number AF009957). Nucleotide substitutions were observed at 21 different positions, ranging from gene fragment positions 22 to 435 (Table 4) . Single-nucleotide substitutions in the MP1 gene fragment consisted of 6 synonymous and 15 nonsynonymous changes (ratio ϭ 2.5). A second source of nucleotide diversity detected in the MP1 gene fragment was by sequence length variation due to the presence of indels. By using the MP1 nucleotide sequence of isolate PM4 (8) as the reference sequence for comparisons, three isolates-B-6321, B-6324, and B-6466-were observed to harbor a 21-bp insertion starting at nucleotide position 67 of the MP1 gene fragment ( 
KAIQDGINAFSHTGSRRATKV---------------QRDISAFKKVIQNISLAVN Consensus QALQKGIQAFSISARQ--ATKV--------------QRDISAFQKVI-DISLAVN
a Amino acid substitutions different from the consensus are underlined. The position of the indels are presented as dashed lines or indicated by boldface with underlining. tandem duplication of the KREATKV amino acid motif that is in frame for protein translation. In contrast to the MP1 sequence for Mp1 type 7 isolates, seven isolates belonging to Mp1 types 1, 3, 9, 11, and 12, as well as isolate PM4, were observed to harbor MP1 gene sequences with only a single copy of the KREATKV motif (Table 5) . When compared to the MP1 nucleotide sequence for isolate PM4, 11 clinical isolates belonging to Mp1 types 5, 8, and 10 were observed to harbor a 42-bp deletion starting at position 67. This indel predicts the loss of a 14-amino-acid motif consisting of EATK VKREATKVQ but remaining in the proper reading frame for translation. A similar indel was observed for an isolate obtained from a bamboo rat in China, ATCC 64102, but with an indel in its MP1 sequence at a different 5Ј start that predicts the deletion of the 14 amino acids: KREATKVKREATKV (Table 5 , Mp1 type 2). Interestingly, for three isolates, B-6319 and B-6320 obtained from China and isolate NCPF 4158 obtained from Thailand, the MP1 gene fragment could not be amplified under a variety of experimental conditions using the PCR primer set used previously to amplify a 450-bp fragment of the MP1 gene (Table 2) . Therefore, a second PCR primer set was designed to amplify a 303-bp fragment of the MP1 gene ( Table 2 ). The new MP1 gene primer set was designed to amplify approximately 100-bp upstream of the binding site of the forward primer for the 450-bp fragment and to overlap by 203 bp with the amplified MP1 gene fragment. Nucleotide sequences of the overlapping contigs were combined and used to reconstruct the MP1 gene sequence for these three isolates. The lack of PCR amplification for these three isolates by the primer set for the 450-bp fragment could be explained by detecting significant nucleotide substitutions and indels within the complementary binding site of the first primer set. For example, the first eight amino acids of the MP1 gene sequence for isolates B-6319 and B-6320 were different from the first eight amino acids observed for the other 22 isolates of P. marneffei. In these two isolates the first eight amino acids QALQKGIQ observed in 22 other isolates are replaced by an insertion of the amino acid motif KAIQDGIN (Table 5 , Mp1 type 6). In addition, the MP1 nucleotide sequences of isolates B-6319, B-6320, and NCPF 4158 predict a second indel of 18 bp. This 18-bp indel predicts an amino acid motif of HTGSRR that replaces a five-amino-acid motif of ISARQ conserved in 21 of 24 isolates (Table 5 ). The 42-bp deletion of the KREATKV amino acid motif is also observed in these three isolates. A third indel was identified and consists of a 3-bp insertion of CAC codon at nucleotide 34 and predicts the insertion of a histidine amino acid residue. All MP1 sequences are predicted to be translated in the proper reading frame. A VOL. 44, 2006 PENICILLIUM MARNEFFEI NUCLEOTIDE SEQUENCE ANALYSIS 3149 conserved amino acid motif consisting of four amino acids, ATKV, was detected at least once in all 24 isolates. Two copies (Mp1 types 1, 3, 9, 11, and 12) or three copies (Mp1 type 7) of the ATKV motif were observed (Table 5 ). In summary, a total of 12 different Mp1 types were observed for a relatively high degree of discriminatory power (D ϭ 0.877). Cluster analysis. Since no nucleotide sequence variation was observed in the AbaA, Cox1, StlA and NGS loci, for all 24 P. marneffei isolates analyzed, haploid genotypes (HGT) were defined based on assignments using the nucleotide sequences obtained from five polymorphic loci: CpeA, Icl1, LNS, PAA, and MP1. Each HGT assignment was represented by a unique allelic combination. Using nucleotide sequences for these five gene fragments, a relatively high degree of discriminatory power (D ϭ 0.949) was observed. For 24 isolates, 16 different HGT were detected, with 11 HST types represented by single isolates.
Phylograms for individual genes were not constructed or compared due to the paucity of nucleotide sequence diversity. To better analyze the genetic diversity of the isolates, a neighbor-joining tree was constructed using nucleotide sequence data obtained from the set of five polymorphic gene fragments and is shown in Fig. 1 . Eight clinical isolates obtained from Thailand were clustered (cluster A) and showed a high degree of support (bootstrap values of 94), and this suggests a high degree of genetic relatedness. A subcluster designated B, composed of five isolates obtained from China, was observed. Two other subclusters, designated C and D, were observed to be composed of isolates obtained from both China and Thailand. A low degree of genetic relatedness was observed between the two isolates obtained from bamboo rats: isolate ATCC 64102 obtained from China and isolate ATCC 18824 from Vietnam.
To confirm the accurate clustering by neighbor joining, isolates were also clustered by using PAUP* software to construct a tree using parsimony. The tree, shown in Fig. 2 , consists of 2,116 characters resulting in a consistency index of 0.8846 and a retention index of 0.9390. Overall, isolates clustered by parsimony analysis were very similar to the clustering obtained by neighbor joining. For instance, isolates observed in clusters A, B, C, and D by both neighbor-joining and parsimony analysis contained identical isolates.
The in vitro reproducibility of MLST analysis was evaluated by analysis of DNA sequences obtained from DNA purified from mycelial cells grown in broth for 7 to 8 weeks by passing the cells in fresh broth every 2 to 3 days (30) . In all cases no differences were detected between the nucleotide sequences obtained from the original DNA preparations from the nucleotide sequences obtained from the DNA preparations from cultures transferred in vitro.
DISCUSSION
Nucleotide sequence analysis or MLST analysis usually rely on the detection and analysis of nucleotide sequence polymorphisms found in several housekeeping genes of a given microorganism. MLST was originally successfully used to characterize isolates of bacterial pathogens, and the method was shown to have a high degree of discrimination among isolates of Neisseria meningitidis (33) . Subsequently, MLST has been shown to be a useful method for the characterization of isolates for fungal pathogens such as Aspergillus flavus (19) , C. albicans (4, 11) , C. glabrata (13) , and Coccidioides immitis (29) , as well as for elucidating the phylogenetic relationship of isolates of Histoplasma capsulatum (28) and Cryptococcus neoformans (59) . When MLST was applied to the analysis of P. marneffei isolates here, a low degree of nucleotide sequence diversity was observed in seven nuclear genes (Tables 1 and 3) . Low sequence diversity has been observed in other microorganisms such as C. parapsilosis, C. orthopsilosis, and C. metapsilosis (18, 48) and the Mycobacterium tuberculosis complex (42) . The lack of genetic diversity may be due to events such as recent speciation, selective sweeps, or population bottle necks. In comparison, genetic diversity in another fungal pathogen, C. albicans, was found to range from 1.5% for the gene for acetyl coenzyme A carboxylase to 4.0% for the gene for the vacuolar protein sorting protein (4). In C. albicans, an increase in the level of discrimination could also be achieved by scoring for nucleotide sequence heterozygosity, which may be expected in an organism with a diploid genome. For P. marneffei, no sequence heterozygosity was observed for all of the loci analyzed in this investigation, and this result is consistent for a microorganism believed to have a haploid genome (60) .
Molecular epidemiologic investigations using MLST may provide several advantages over other methods for the molecular subtyping of isolates. One advantage of MLST is based on the exact identification of the potential alleles in a locus that is not possible by using a traditional method for subtyping, such as multilocus enzyme analysis (33) . MLST can also detect rapid changes in the genome such as microevolution, identify geographically distinct isolates, and provide reproducible genomic characters in sequential isolates. Of importance is the ability of MLST to directly compare and compile large databases of shared DNA sequence information, thereby facilitating collaborative investigations and data sharing. Disadvantages of MLST analysis include the requirement for specialized equipment, expensive reagents, and highly trained personnel and the fact that the method may not be amenable to the analysis of all microorganisms. Low sequence diversity may preclude its usefulness to distinguish between isolates and makes it more difficult to accurately assess the genetic relatedness between isolates (48, 49) .
Two loci, AbaA and StlA, analyzed in this investigation are regulatory gene sequences, whereas five loci-Cpe1, Icl1, LNS, PAA, and NGS-code for housekeeping functions. A low degree of sequence diversity was observed for both the regulatory and the housekeeping gene sequences. Although most investigations utilize sequence information obtained only from housekeeping genes, a relatively high degree of sequence variation has been reported in regulatory genes. For example, the level of sequence diversity for the regulatory sequences was shown to be comparable to the level of sequence diversity observed for other nuclear loci (37) .
Several genotypic methods for the molecular subtyping of P. marneffei isolates have been reported. The first reported method was by restriction endonuclease analysis using HaeIII digest. Two HaeIII types for 46 isolates were reported (53) . Randomly amplified polymorphic DNA and macrorestriction profiles have been utilized for typing, but these methods are difficult to reproduce or it is difficult to compare results between laboratories (23, 26, 51) . Recently, microsatellite markers have been shown to provide high degree of discriminatory power and reproducibility for typing P. marneffei isolates (15, 16, 17, 21, 30) . Whereas microsatellite analysis may provide more variable loci than can be obtained by MLST, the method has been shown to be susceptible to problems due to homoplasy, and monomorphic loci may confound analysis of genetic relatedness due to the hypervariability of some loci (49) .
Of potential clinical relevance was the high degree of nucleotide sequence divergence observed for the MP1 locus. MP1 encodes an abundant cell wall mannoprotein originally cloned and sequenced in isolate PM4 by Cao et al. (8) . Compared to the original nucleotide sequence for isolate PM4, nucleotide substitutions were detected at 21 different positions, many of which are predicted to result in amino acid substitutions ( Table  4) . As shown in Table 5 , indels were also identified as major contributors to MP1 sequence diversity. For instance, a 21-bp indel resulted in the tandem duplication of a seven-amino-acid motif of KREATKV in three isolates obtained from China, and seven isolates contained a single copy of this motif. However, the KREATKV motif was completely deleted in the majority of the isolates, and this suggests the motif has no obligate biological or structural function. A six-amino-acid motif SISARQ, was conserved in 21 of 24 isolates but was replaced by a putative insertion of amino acids HTGSRR in three isolates(B-6319, B-6320, and NCPF 4158). The replacement of this amino acid block may be due to a more complex mechanism than by nucleotide substitution. In P. marneffei the molecular mechanisms for indel formation have not been investigated but may involve unequal crossover of repeats, movement of mobile elements, replication slippage, or recombination. Sequence diversity of MP1 gene may be driven by the accessibility of the MP1 glycoprotein to the immune system. Antigenic variation may provide this pathogen with a survival mechanism to better evade host acquired immunity during infection. Sequence changes especially by indels may be providing the organism with a mechanism for the rapid generation of new alleles in response to host defenses. Tandem repeat motifs detected in other surface glycoproteins of other microbial pathogens, such as the ALS1 adhesion glycoprotein of C. albicans (22) and malarial parasite proteins of Plasmodium species (38) , may function in host evasion or binding host receptors. The MP1 protein is 462 amino acid residues and was not sequenced in entirety in this investigation and therefore offers the potential for detecting additional sequence divergence. MP1 antigenic variability may be of clinical relevance since a single purified MP1 gene product (Mp1p) and antiMp1p antibody have been used in an enzyme-linked immunosorbent assay for the serodiagnosis of P. marneffei infections (6, 7, 57) .
Overall, a relatively high degree of discriminatory power was observed using five polymorphic loci (D ϭ 0.949) with the bulk of nucleotide diversity due to polymorphisms detected in the MP1 gene. Although it may be possible to subtype isolates based solely on the MP1 gene fragment, a higher degree of reliability and discriminatory power may be achieved by analysis at five loci. Overall, analysis detected 16 HST for 24 isolates. Reproducibility was confirmed by the direct comparison of DNA sequences obtained from genomic DNA preparations from unpassaged cells and DNA preparations obtained from cells grown for 7 to 8 weeks (30) .
Phylogenetic analysis using neighbor-joining and parsimony showed a high degree of concordance in detecting geographically enriched clusters composed of isolates obtained from either Thailand or China ( Fig. 1 and 2 , clusters A and B). Geographic partitioning was previously observed using polymorphic microsatellites to analyze P. marneffei genetic variation (15, 16, 30) . However, dependence on absolute fragment size alone as done in these studies for assessing genealogical relationships was found to be less accurate than by using DNA sequencing (36) . Geographically mixed clusters were also observed ( Fig. 1 and 2 , clusters C and D). For instance, isolates B-6319 and B-6320 obtained from China and NCPF 4158 obtained from Thailand, were highly related and shared a unique pattern of indels of identical length, as well as position (Table  5) . Likewise, isolates B-6321 and B-6324 from China and isolate B-6466 from Thailand were highly related and harbor an identical tandem repeat (KREATKV) in the MP1 sequence. Together, these results indicate that these isolates may have descended from a common ancestor that later diverged, as would be expected for an asexual mode of reproduction. However, this analysis does not exclude the possibility of parallel insertion events from different lineages. One potential criticism of this investigation is the lack of sufficient nucleotide diversity and the reliance on a single hypervariable gene under selection by the host. However, by the combination of the nucleotide variations observed in four other loci, a relatively high degree of discriminatory power was observed. Also, indels have been shown to be reliable and important characters for constructing phylogenies since they are able to retain the historical information of their sequences in their descendants and homoplasy is often low (20, 40, 41) . The nucleotide sequences for the two isolates obtained from bamboo rats, ATCC 18224 and ATCC 64101, showed extensive sequence divergence from each other but were composed of genotypes that were related to clinical isolates. This result is consistent with the investigations by Gugnani et al. (21) and Fisher et al. (16) , who observed identical microsatellite genotypes obtained from human and bamboo rat isolates. At present, the importance of isolates obtained from bamboo rats or from their burrows to transmission to humans is not known (17, 21) .
In this investigation DNA sequence analysis provided a robust, reproducible, and highly discriminatory method for typing isolates of P. marneffei. The expansion of a sequence database, the availability of new genetic loci for analysis, and improvements in DNA sequencing technology may provide for greater opportunities to examine the genetic diversity within this important fungal pathogen. Nucleotide sequence-based analysis may provide a useful and important method for the molecular epidemiology and surveillance of clinical and environmental isolates.
